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I. Zusammenfassung.! Neuronale!StammZ!und!Vorläuferzellen! im!adulten!Gehirn!dienen!während!des! gesamten! Lebens! als! Reservoir! für! neue! Neurone.! Einer! der! kritischen!Schritte,! welcher! die! Produktion! neuer! Neurone! bestimmt! und! dabei! streng!kontrolliert! werden! muss,! ist! die! Proliferation! der! neuronalen! Progenitoren.!Weil! Entzündungsreaktionen! einen! hemmenden! Effekt! auf! die! Neurogenese!haben! und! der! 5ZLipoxygenase/LeukotrienZSignalweg! bei! inflammatorischen!Prozessen! ein! Rolle! spielt,! untersuchten!wir! den! Effekt! von! Leukotrienen! und!von! Montelukast,! einem! Antagonisten! an! den! Leukotrien! Rezeptoren! CysLT1R!und!GPR17,!auf!die!Proliferation!von!neuronalen!StammZ!und!Vorläuferzellen.!!In! der! vorliegenden! Arbeit! wiesen! wir! die! Expression! von! GPR17! durch!neuronale! StammZ! und! Progenitorzellen! nach.! Dabei!wurde! außerdem! gezeigt,!dass!1,3%!der!von!uns!aus!dem!adulten!Rattenhirn!isolierten!Vorläuferzellen!in!Kultur! Stammzelleneigenschaften! aufweisen,! also! zur! Selbsterneuerung! fähig!!und!dabei!multipotent!sind,!d.h.!zu!Neuronen,!Astrozyten!und!Oligodendrozyten!differenzieren! können.! Ferner! wiesen! wir! nach,! dass! die! Vorläfuerzellen! in!Kultur! Leukotriene! produzieren.! Die! Stimulation! mit! einem! Überschuss! an!Leukotrienen! veränderte! die! Proliferation! der! Vorläuferzellen! nicht,! während!die! Hemmung! des! GPR17ZRezeptors! ! durch! Montelukast! die! Proliferation! der!VorläuferZ! und! Stammzellen! stark! erhöhte! und! dabei! das!Differenzierungsschicksal! und! –potential! unbeeinflusst! ließ.! Dieser! Effekt! ging!einher! mit! einer! verstärkten! Prosphorylierung! von! ERK! 1/2,! was! eine!Beteiligung!der!EGFZSignalkaskade!nahelegt.!!Basierend! auf! unseren! Ergebnissen! könnte! die! Hemmung! des! 5ZLipoxygenaseZSignalwegs,! z.B.! mittels! Montelukast,! potenziell! für! neue!Therapien! genutzt! werden,! welche! über! die! Neurogenese! strukturelle! und!funktionelle!Verbesserungen!bei!neurodegenerativen,!neuropsychiatrischen!und!Alterungsprozessen!verspechen!könnten.!!!!
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a. Abstract.! Neural!stem!and!progenitor!cells!serve!as!a!reservoir!for!new!neurons!in!the!adult! brain! throughout! lifetime.! One! of! the! critical! steps! determining! the! net!production!of!new!neurons!is!neural!progenitor!proliferation,!which!needs!to!be!tightly! controlled.! Since! inflammation! has! detrimental! effects! on! neurogenesis!and! the! 5Zlipoxygenase/leukotriene! pathway! is! involved! in! inflammatory!processes,!we! investigated! the!effects!of! leukotrienes!and!montelukast,! a! small!molecule! inhibitor! of! the! leukotriene! receptors!CysLT1R! and!GPR17,! on!neural!stem! and! progenitor! cell! proliferation.! We! demonstrate! expression! of! the!leukotriene! receptor! GPR17! by! neural! progenitors! and! by! neural! stem! cells.!Stimulation! with! excess! amounts! of! leukotrienes! did! not! affect! progenitor!proliferation,! whereas! blockade! of! GPR17! with! montelukast! strongly! elevated!neural!stem!and!progenitor!proliferation,!while!maintaining!their!differentiation!fate! and! potential.! This! effect! was! associated! with! increased! ERK1/2!phosphorylation!suggesting!an!involvement!of!the!EGF!signaling!cascade.!Based!on! our! results,!montelukast! and! the! inhibition! of! the! 5ZLOX!pathway!might! be!potent! candidates! for! future! therapies! employing! neurogenesis! to! promote!structural! and! functional! improvement! in!neurodegeneration,! neuropsychiatric!disease!and!ageing.!!
b. Introduction.!! While! it! is! wellZestablished! that! neurogenesis,! i.e.! the! generation! of! new!neurons,!occurs!not!only!in!the!developing!but!also!adult!mammalian!brain![1Z3]!(for! review! see! [4]),! it! is! unambiguous! that! neurogenesis! is! not! at! a! constant!level! throughout! adulthood.! For! example,! neurogenesis! is! dramatically!diminished! in! the! aged! brain,! where! it! experiences! a! more! than! 100Zfold!reduction!compared!to!the!young!adult!brain![2].!Also,!alterations!or!defects! in!neurogenesis! are! implicated! in! ageZrelated! cognitive! impairments,! in!neurodegenerative! diseases! and! in! major! neuropsychiatric! diseases! such! as!depression! [5Z11].!Vice!versa,! stimulation!of!neurogenesis!seems! to!provide!an!attractive! strategy! to! generate! new!neurons! in! the! aged! or! degenerative! brain!
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aiming! to! regain! structure! and! function! [4].! This! makes! the! molecular!mechanisms!that!regulate!neurogenesis!in!the!adult!and!diseased!brain!potential!drug!targets!for!regenerative!therapies.!Lipid!metabolism! and! lipid!mediators! of! inflammation! have! recently! been!moving!into!the!center!of!antiZageing!research!and!regenerative!medicine.!Here,!members! of! the! eicosanoids,! in! particular! the! leukotrienes,! which! have! been!wellZstudied!in!the!field!of!allergy!and!immunity,!are!involved!in!mediating!brain!inflammation! associated! with! ageZrelated! dementia! and! neurodegenerative!diseases! [12,! 13].! Leukotrienes! are! lipid! mediators! of! inflammation! and! are!metabolized!from!arachidonic!acid!through!the!5Zlipoxygenase!(5ZLOX)!pathway.!The! endZproducts! leukotriene! B4! (LTB4)! and! the! cysteinyl! (Cys)! leukotrienes!LTC4! and! LTD4! are! involved! in! asthma,! allergic! rhinitis,! atopic! dermatitis,! in!cardiovascular!diseases!and!cancer.!Besides!that,!a!number!of!studies!were!able!to!demonstrate!that!inhibition!of!the!5ZLOX!pathway!has!neuroprotective!effects,!reduces!brain!damage!and!promotes!functional!recovery!in!experimental!models!of! stroke.!The!5ZLOX! inhibitors!AAZ861!and!BWZB70C,! for! instance,!protect! the!brain! against! ischemic! damage! [14,! 15].! Similarly,! minocycline,! a! tetracycline!antibiotic! which! blocks! the! activation! of! 5ZLOX! by! inhibiting! its! translocation!from! the! cytoplasm! to! the! nuclear! membrane,! inhibits! postZischemic! brain!inflammation,! accelerates! functional! recovery! and! has! been! demonstrated! to!enhance!neurogenesis![16,!17].!At!least!three!correlations!point!towards!a!critical!role!of!the!5ZLOX!pathway!and! leukotrienes! in! the! pathogenesis! of! ageZrelated! neurodegeneration! and! in!the!ageZassociated!reduction!in!neurogenesis.!i)!Leukotriene!levels!are!typically!increased! in! brains! affected! by! neurodegenerative! diseases! such! as! Parkinson!and!Alzheimer’́s!disease![12].!Here,!the!elevated!levels!of!5ZLOX!and!leukotrienes!cause!postZinflammatory!brain!damage!by!mediating!the!generation!of!reactive!oxygen!species,!resulting!in!a!higher!expression!of!inflammatory!mediators!such!as! tumor! necrosis! factor! (TNF)! alpha! and! interleukinZ1! (ILZ1)! beta! [18].! This!might! consequentially! result! in! reduced! neurogenesis,! as! TNF! alpha! and! ILZ1!beta! signaling! is! known! to! inhibit! neural! stem! cell! proliferation! and! adult!neurogenesis![19,!20].! ii)!The!expression!of!5ZLOX!and!leukotriene!levels!in!the!brain!increase!significantly!during!ageing!with!a!2,5Zfold!higher!expression!in!the!
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aged! (24! Z! 25!months! old)! compared! to! the! young! (2! Z! 3!months! old)! rat! and!mouse! brain! [21,! 22].! Importantly,! the! ageZrelated! elevation! of! the! 5ZLOX!pathway!in!the!brain!is!specific!for!the!neurogenic!regions,!since!it!was!detected!in! the! hippocampus,! but! not! in! nonZneurogenic! regions! such! as! cortex! and!cerebellum![22].!iii)!The!finding!that!glucocorticoids,!which!are!known!to!inhibit!neurogenesis,!upZregulate!the!expression!of!5ZLOX![23]!further!points!towards!a!role!of!the!5ZLOX!pathway!in!ageZrelated!decline!of!neurogenesis!and!possibly!in!the!pathogenesis!of!ageZrelated!dementia.!In! this! study,! we! investigated! the! involvement! of! leukotrienes! and!leukotriene!signaling!in!the!regulation!of!neural!progenitor!cell!(NPC)!biology,!in!particular!proliferation!and!differentiation,!in!vitro.!We!demonstrate!expression!of! leukotriene! receptors! as! well! as! endogenous! leukotriene! secretion! in! NPCs!that! were! derived! from! the! adult! rat! brain! and! cultured! as! neurospheres.!Moreover,!we!modulated!leukotriene!signaling!in!those!NPCs!using!montelukast!(MTK),!a!competitive!inhibitor!of!the!leukotriene!receptors!CysLT1R!and!GPR17!and! analyzed! cell! proliferation,! downstream! signaling! and! cell! differentiation.!The!main!findings!were!confirmed!with!clonally!derived!adult!neural!stem!cells!(NSCs).!!
c. Materials.and.methods.!
i. Adult.rat.NPC.cultures.! Adult!female!Fischer!344!rats!(Charles!River!Deutschland!GmbH,!Germany)!served! as! donors! for! NPC! cultures.! All! experiments! were! carried! out! in!accordance! with! the! European! Communities! Council! Directive! (86/609/EEC)!and! institutional!guidelines.!Neurosphere!cultures! from!the!adult!hippocampus!were!obtained!as!described![24].!Briefly,!2!Z!4!monthZold!female!FischerZ344!rats!(Charles! River! Deutschland! GmbH,! Germany)! were! decapitated.! Hippocampi!were! aseptically! removed! and! dissociated! [24].! Cells! were! resuspended! in!Neurobasal!(NB)!medium!(Gibco!BRL,!Germany)!supplemented!with!B27!(Gibco!BRL,! Germany),! 2! mM! LZglutamine! (PAN,! Germany),! 100! U/ml! penicillin/0.1!mg/l! streptomycin! (PAN,! Germany),! hereafter! referred! to! as! NB/B27.! For!
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maintenance! and! expansion! of! the! cultures,! the! NB/B27! was! further!supplemented!with!2!mg/ml!heparin! (Sigma,!Germany),!20!ng/ml!FGFZ2! (R&D!Systems,!Germany)!and!20!ng/ml!EGF!(R&D!Systems,!Germany).!Cultures!were!maintained!at!37°C!in!a!humidified!incubator!(Heraeus,!Germany)!with!5%!CO2.!Medium!was!changed!4!Z!5!days!after!seeding!and!neurospheres!were!passaged!after!1!week.!For!dissociation,!spheres!were!incubated!with!Accutase!(Innovative!Cell! Technologies! Inc.,! distributed! by! PAA,! Germany)! for! 10! min! at! 37°C! and!triturated!using!a!pipette!before!being!resuspended!in!NB!medium.!Cell!number!was!determined!by!Trypan!blue!exclusion!and!5x104!cells/ml!were!plated!in!new!T75!culture!flasks!in!NB!medium.!Neurosphere!cultures!from!passage!number!2!to!6!were!used!throughout!this!study!and!termed!NPCs.!!
ii. Clonally.derived.adult.rat.neural.stem.cell.(NSC).cultures.! Expanded! NPCs! cultures! grown! as! neurospheres! were! dissociated! with!Accutase! as! previously! described.! Cell! suspension! was! limitedly! diluted! and!single!cells!were!seeded!in!96Zwell!plates.!The!presence!of!single!cellsZcontaining!wells! was! confirmed! by! microscopy.! Medium! change! was! performed! once! a!week.!After!25!days!several!primary!spheres!were! individually!dissociated!and!cells!were!seeded!for!culture!expansion.!One!of!the!cultures!was!used!for!further!analysis.!!
iii. MSC.cultures.and.MSCUCM.preparation.! MSCs! were! prepared! as! described! previously! [25].! Briefly,! bone! marrow!plugs!were!harvested!from!femurs!and!tibias!of!2!Z!4!monthZold! female!FisherZ344!rats!(Charles!River!Deutschland!GmbH,!Germany).!Plugs!were!mechanically!dissociated! in! alphaZMEM! (Gibco! Invitrogen,! Germany)! and! recovered! by!centrifugation.! Cell! pellets! were! resuspended! in! alphaZMEMZ10%! FBS! and!seeded!at!1x106!cells/cm2.!After!3!days,!medium!was!changed!and!nonZadherent!cells!were!removed.!Adherent!cells!were!incubated!in!fresh!alphaZMEMZ10%!FBS!until!a!confluent!layer!of!cells!was!achieved.!Cells!were!trypsinized!using!0.25%!Trypsin! (Gibco! Invitrogen,! Germany)! and! seeded! in! alphaZMEMZ10%! FBS! at!8,000! cells/cm2.! After! 3! Z! 5! days! of! culture,! the! resulting! monolayer! of! cells,!
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hereafter!named!rat!bone!marrowZderived!mesenchymal!stem!cells!(MSCs),!was!trypsinized! and! further! cultured! for! experiments! or! frozen! for! later! use.! As!demonstrated! in! our! previous! work,! this! cell! culture! preparation! is! highly!enriched! in! multipotent! MSCs! with! virtually! no! hematopoietic! contamination![25].!MSCZCM!was!prepared!as!described!previously! [25].!MSCs!were!plated!at!12,000! cells/cm2! and! incubated! in! alphaZMEMZ10%! FBS.! After! 3! days,! the!conditioned!medium!was!collected!and! filtered!using!a!0.22!μmZpore! filter!and!used!as!an!oligodendrogenic!stimulus!for!NPCs.!!
iv. Treatment.with.factors.for.proliferation.! After! passaging,! cells! were! seeded! in! 96Zwell! culture! plates! at! a!concentration!of!5x104!cells/ml! in!a!volume!of!100!μl!NB!medium!containing!a!reduced!EGF!and!FGF!concentration!of!5ng/ml.!The!plates!were!then!maintained!at!37°C!in!a!humidified!incubator!(Heraeus,!Germany)!with!5%!CO2!for!7!days.!Before! being! added,! factors! (MTK,! Leukotriene! C4,! Leukotriene! D4! (Cayman!Chemical,! USA),! U0126! (Calbiochem,! USA)! and! 95%! ethanol! (SigmaZAldrich,!Germany))!were!prediluted!in!NB!medium!(containing!5ng/ml!EGF!and!FGF).!10!μl! of! this! solution! was! added! to! the! corresponding! wells! (control! conditions!received!medium!only)!at!days!0,!2,!4!and!6.!!
v. Analysis.of.cell.proliferation.U.MTS.assay.! At! day! 7,! proliferation!was! assessed! using! an!MTS! assay! kit! (CellTiter! 96!AQueous!One!Solution!Cell!Proliferation!Assay,!Promega,!Germany)!according!to!the! manufacturer’s! instructions.! After! 4h! of! incubation,! optical! density! was!measured! at! 490nm! using! a! plate! reader! (Emax! Precision! Microplate! Reader,!Molecular!Devices,!USA).!Since!leukotrienes!were!dissolved!in!95%!ethanol,!the!latter!was!used!as!an!internal!control!and!leukotriene!results!were!normalized!to!ethanol.!Additionally,! the!MTS!proliferation!assay!was!performed!with! clonally!derived!NSCs.!!!!!
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vi. Analysis.of.neurosphere.size.and.number.! Neurosphere! size! was! analyzed! using! an! Olympus! SiS! CCZ12! camera!connected! to! an! Olympus! IX70! microscope! through! a! CZmount! adaptor! (IXZTVAD)! and! a! Computer! running! analySIS! Software! (Soft! Imaging! System,!Germany).!After!completion!of!the!MTS!assay,!two!entire!wells!per!condition!on!one! 96Zwell! culture! plate!were! photographed! and! the! number! of! spheres! and!their! diameters! were! assessed.! From! the! spheres’! diameters,! single! sphere!volumes! were! calculated! and! further! used! for! calculation! of! mean! sphere!volumes!and!the!total!volume!of!all!spheres!in!one!well.!Since!leukotrienes!were!dissolved! in! 95%! ethanol,! the! latter! was! used! as! an! internal! control! and!leukotriene!results!were!normalized!to!ethanol.!!
vii. Analysis.of.endogenous.leukotriene.release.by.ELISA.! For! determination! of! endogenous! leukotriene! release,! cells!were! passaged!and!then!seeded!into!12Zwell!culture!plates!at!a!concentration!of!5x104!cells/ml!in!a!volume!of!1!ml!NB!medium!containing!a!concentration!of!5ng/ml!EGF!and!FGF.!Cells!were!cultivated!for!7!days!and!medium!was!collected!at!day!0!(2h!after!passaging)! and! day! 7! and! kept! at! Z80°C! until! further! use.! To! determine!leukotriene! levels! in! the! medium,! we! used! a! Cysteinyl! Leukotriene! EIA! Kit!(Cayman! Chemical,! USA)! according! to! the!manufacturer’s! instructions.! Optical!density! was! measured! at! 405! nm! using! a! plate! reader! (Emax! Precision!Microplate!Reader,!Molecular!Devices,!Union!City,!CA,!USA).!!
viii. RNA.isolation.and.RTUPCR.! For! isolation! of! RNA,! neurospheres! grown! for! 7! days! in! culture! were!collected! and! washed! in! PBS.! After! centrifugation,! the! cell! pellet! was!homogenized! in! 1ml! of! Trizol! (TRI®! Reagent;! Sigma,! Germany).! For! phase!separation,! 200! μl! of! 1ZbromoZ3Zchloropropane! were! added,! vortexed! and!centrifuged!(15!min!at!12000!g).!After!transferring!the!aqueous!phase!into!a!new!tube! and! adding! 350ml! of! ethanol,!we! used!QIAGEN!RNEasy!Mini! Kit! (Qiagen,!Germany)!according! to! the!manufacturer’s! instructions! for! further!washing.!To!
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remove! possible! genomic! contamination,! DNA! digestion! was! performed! as!suggested! and! described! in! the! Kit’s! manual! using! DNase! I! and! RDD! buffer!(Qiagen,! Germany).! For! determination! of! RNA! concentration,! the! RNA! was!diluted! in! H2O! (1:25)! and! absorbance!was!measured!with! a! photometer.! RNA!was!stored!at!Z80°C!until!cDNA!synthesis.!For! reverse! transcriptaseZpolymerase!chain!reaction! (RTZPCR),! firstZstrand!cDNA!was!synthesized! from!1!μg!of! total!RNA!using! the!Reverse!Transcription!System! (Promega,!Germany)!with! random!primers! (Promega,!Germany).! cDNA!was! then! amplified! using! 5! PRIME! MasterMix! (5! PRIME,! Germany)! and! the!following! primers:! CYSZLT1! Receptor! forward! 5’ZATG! TTC! ACA! AAG! GCA! AGT!GGZ3’! and! reverse! 5’ZTGC! ATC! CTA! AGG! ACA! GAG! TCAZ3’,! CYSZLT2! Receptor!forward!5’ZACC!CCT!TCC!AGA!TGC!TCC!AZ3’! and! reverse! 5’ZCGT!GCT!TTG!AAA!TTC! TCT! CCAZ3’,! GPR17! forward! 5’ZTTG! TTT! TGT! GCC! CTA! CCA! CAZ3’! and!reverse!5’ZCTC!GTT!GGT!TTT!CCC!TTC!AAZ3’,!GAPDH! forward!5’ZGGT!CGG!TGT!GAA! CGG! ATT! TGZ3’! and! reverse! 5’ZGTG! AGC! CCC! AGC! CTT! CTC! CATZ3’! (all!synthesized! by! Invitrogen,! Germany).! Annealing! temperature! for! all! reactions!was!55°C.!Reaction!was!also! conducted!without!previous! reverse! transcription!to! detect! possible! genomic! contamination! of! the! RNA! samples! (“rtZ“controls).!Amplification! products! were! then! resolved! by! agarose! (1.5%)! gel!electrophoresis.!!
ix. Western.blot.analyses.! For!westernZblot!analysis,!passaged!cells!were!seeded!at!a!concentration!of!25x104!cells/ml!in!NB!medium!containing!5!ng/ml!EGF!and!FGF!and!cultured!for!2!days.!The!neurospheres!were!then!transferred!into!NB!medium!containing!no!growth!factors!and!cultured!for!another!24!hours.!The!same!medium!was!used!to!dilute!MTK!(Cayman!Chemical,!U.S.A).!After!stimulation!with!10!μM!MTK!spheres!were! collected! at! 5,! 10! and! 15! minutes! and! immediately! put! on! ice.! Since!phospho!Erk!signaling!per!se!is!known!to!show!oscillating!changes!in!activity!and!varies!over! time! [26],!we!performed!equivalent! time!series!experiments!under!control!conditions!without!MTK!stimulation.!For!this,!we!incubated!the!cells!at!5,!10! and! 15! min! with! NB! Medium! containing! no! growth! factors.! Medium! was!
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further! removed!upon! centrifugation! in! a!preZcooled! centrifuge! (at!4°C).!Again!on!ice,!the!pellet!was!lysed!in!buffer!(0.7%!NP40!(Sigma,!Germany),!50!mM!TrisZHCl! (pH! 8.0),! 0.1! mM! EDTA! (pH! 8.0),! 250! mM! NaCl,! 10%! glycerol,! 0.2! mM!Na3VO4,! 1! mM! phenylmethylsulfonyl! fluoride,! 10! mM! dithiothreitol,! 2! lg/mL!Aprotinin! and! 1! lg/mL! Pepstatin),! further! homogenized! using! a! syringe! and! a!30G!needle,!vortexed!for!30min!at!4°C!and!centrifuged!for!20min!at!17.900!g!and!4°C.!Lysates!were!stored!at!Z20°C!until!further!use.!Protein!concentration!in!the!samples! was! determined! using! Bicinchoninic! Acid! Protein! Assay! Kit! (Sigma,!Germany)!and!a!plate!reader.!Protein!extracts!(10!μg!each)!were!fractionated!on!10%!SDSZPAGE!and!blotted!on!a!nitrocellulose!membrane!(Whatman,!Germany)!by! the! semidry! electroblot! method! (Biometra! Fast! blot,! Biometra!Biomedizinische!Analytik,!Germany).! Immunoblots!were!blocked! in!4%!BSA! in!TBST! buffer! (Tris,! pH! 7.5,0,1M;! NaCl,! 0.15M;! and! Tween! 20,! 0.1! %)! and!subsequently! probed! with! antibodies.! Primary! antibodies! and! their! dilutions!were! as! follows:! AntiZActin! (rabbit)! #A2066! (Sigma,! Germany),! 1:10.000,!PhosphoZp44/42! MAPK! (Erk1/2)! Rabbit! mAb! #4370! 1:1000,! p44/! 42! MAPK!(Erk1/2)! Rabbit! mAb! #4695! 1:1000! (all! antibodies! from! Cell! Signaling!Technology,! Germany).! Bound! antibodies! were! visualized! with! a! horseradish!peroxidase!conjugated!secondary!antibody!(donkey!antiZrabbit! IgGZhorseradish!peroxidase!antibody,!1:10.000,!Jackson!ImmunoResearch!Laboratories,!Inc,!USA)!and! enhanced! chemiluminescence! (Amersham! ECLplus! Western! Blotting!Detection! System;! GE! Healthcare,! Germany)! and! exposed! to! Amersham!Hyperfilm!ECL!(GE!Healthcare,!Germany).!Between!hybridizations!with!different!antibodies,! membranes! were! washed! with! RestoreTM!Western! Blot! Stripping!Buffer! (Thermo!Scientific,!USA).!All! experiments!were!performed! in! triplicates.!To! quantify! and! determine! possible! alterations! in! the! phospho! Erk! activation!after! MTK! stimulation! over! time,! the! different! blot! band! intensities! were!evaluated! by! measuring! their! individual! mean! grey! values! (software! ImageJ,!Biophotonics).! Phospho! Erk! values! were! normalized! to! Actin! values.! Further,!phosphoErk!signal!intensities!at!the!different!time!points!after!MTK!stimulation!were! standardized! to! the! corresponding! phosphoErk! values! under! control!conditions.!!
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x. Analysis.of.cell.identity.and.differentiation.fate.! To! assess! the! potential! of!MTK! to! change! the!NPCs! phenotype,! cells!were!incubated! for!7!days!under!proliferation!conditions! (NB!medium,!5!ng/ml!EGF!and! FGF)!with! and!without! 10! μM!MTK! (MTK!was! prediluted! in!medium! and!added!on!days!0,!2,!4! and!6).!After! this!period,! cell! specific!marker!expression!and!growth!factor!withdrawal!response!was!analyzed.! In!detail,!after!MTK!preZincubation! neurospheres! were! dissociated! with! Accutase! (Innovative! Cell!Technologies!Inc.,!distributed!by!PAA,!Germany)!and!plated!on!100!μg/ml!polyZLZornithine! (Sigma,! Germany)! and! 5! μg/ml! lamininZcoated! (Sigma,! Germany)!glass!coverslips!at!a!density!of!25,000!cells/cm2!in!DMEM!KnockoutZ20%!Serum!Replacement! supplement! (SR)! (Gibco! Invitrogen,! Germany)! for! 12! hours.! In!order!to!analyze!the!cell!specific!marker!profile,!cells!were!immediately!fixed!for!30!minutes!with!4%!paraformaldehyde!and!processed!for!immunofluorescence.!Alternatively,! in! order! to! analyze! the! cell! intrinsic! differentiation! fate! (growth!factor! withdrawal! response),! cells! were! incubated! for! 1!more! week! in! DMEM!KnockoutZ20%! SR! (Gibco! Invitrogen,! Germany)!without! growth! factors! and! in!the! absence! of! serum.! Finally,! cells! were! fixed! for! 30! minutes! with! 4%!paraformaldehyde!and!processed!for!immunofluorescence.!To!analyze!cell!differentiation!potential,!NPCs!were!plated!on!polyZornithine!(250!mg/ml)!and!laminin!(5!mg/ml)Zcoated!(Sigma,!Germany)!glass!coverslips!at!a! density! of! 25,000! cells/cm2! in! alphaZMEMZ10%! FBS! (Gibco! Invitrogen,!Germany)! for! 12! to! 24! hours.! Then,! NPCs!were! incubated! for! 7!more! days! in!alphaZMEMZ10%! FBS! (Control)! or! in! alphaZMEMZ10%! FBS! supplemented!with!10!ng/ml!BMPZ2!and!BMPZ4!(R&D!Systems!GmbH,!Germany)!(astrogenic!stimuli)!with! and! without! 10! μM!MTK.! Alternatively,! cells! were! incubated! in! MSCZCM!(oligodendrogenic! stimuli)!with! and!without! 10! μM!MTK.! For! treatment,!MTK!was!prediluted!in!alphaZMEMZ10%!FBS!and!added!on!days!0,!2,!4!and!6.!After!the!incubation! period! cells! were! fixed! for! 30!minutes! with! 4%! paraformaldehyde!and!processed!for!immunofluorescence!to!detect!the!expression!of!the!different!cell!specific!markers!tested.!!!!
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xi. SphereUforming.assay.and.analysis.of.multipotency.! Expanded! NPCs! cultures! grown! as! neurospheres! were! dissociated! with!Accutase! as! previously! described.! Cell! suspension! was! limitedly! diluted! and!single!cells!were!seeded!in!96Zwell!plates.!The!number!of!single!cellsZcontaining!wells!was!confirmed!and!determined!by!microscopy!evaluation.!Medium!change!was! performed! once! a! week.! After! 25! days! the! number! of! generated! primary!spheres! was! determined! by! microscopy! evaluation.! Primary! spheres! were!dissociated!and!total!cells!were!seeded!for!culture!expansion!and!the!number!of!primary! spheres! able! to! generate! secondary! spheres! and! successfully! expand!was!determined.!The!percentage!of!primary!spheresZforming!cells!as!well!as!of!the! secondary! spheresZforming! cells! in! relation! to! the! total! amount! of! seeded!single! cells! was! determined.! Multipotency! was! determined! for! dissociated!secondary! spheres.! Cells! were! incubated! under! the! following! differentiation!stimuli:! NB+B27! media! supplemented! with! 1%! FBS! +! 20mM! retinoic! acid!(neuronal! differentiation);! alphaMEMZ10%! FBS! supplemented! with! 10! ng/ml!BMPZ2!and!BMPZ4!(R&D!Systems!GmbH,!Germany)!(astrogenic!stimuli);!MSCZCM!(oligodendrocyte!differentiation).!After!7!days!of!incubation,!cells!were!fixed!for!30!minutes!with!4%!paraformaldehyde!and!processed!for! immunofluorescence!to!detect!the!expression!of!the!different!cell!specific!markers!tested.!!
xii. Immunocytochemistry.! Fixed!cells!were!washed!in!TBS!(0.15!M!NaCl,!0.1!M!TrisZ!HCl,!pH!7.5),!then!blocked! with! a! solution! composed! of! TBS;! 0.1%! TritonZX100! (only! for!intracellular! antigens);! 1%! bovine! serum! albumin! (BSA)! and! 0.2%! Teleostean!gelatin!(Sigma,!Germany)!(fish!gelatin!buffer,!FGB).!The!same!solution!was!used!during! the! incubations! with! antibodies.! Primary! antibodies! were! applied!overnight! at! 4°C.! FluorochromeZconjugated! speciesZspecific! secondary!antibodies!were! used! for! immunodetection.! The! following! antibodies! and! final!dilutions! were! used.! Primary! antibodies:! rabbit! antiZGFAP! 1:1000! (Dako,!Denmark);!rabbit!antiZGalC!1:200!(Chemicon,!UK);!rabbit!antiZNG2!Chondroitin!Sulfate! Proteoglycan! 1:200! (Chemicon,! UK);! IgM! mouse! antiZA2B5! 1:200!(Chemicon,! UK);! IgM! mouse! antiZO4! 1:100! (Chemicon,! UK);! mouse! antiZrat!
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Nestin! 1:500! (Pharmingen,! U.S.A.);! mouse! antiZMap! 2a+2b! 1:250! (Sigma,!Germany);! mouse! antiZCNPase! 2',3'Zcyclic! nucleotide! 3'Zphosphodiesterase!1:200! (Chemicon,! UK);!mouse! antiZMyelin! Basic! Protein! (MBP)! 1:750! (SMIZ94,!Sternberger! Monoclonals! Incorporated,! U.S.A.);! goat! antiZGPR17! 1:20! (Santa!Cruz,! CA).! Secondary! antibodies:! donkey! antiZmouse! (IgG,! IgM)! or! rabbit!conjugated! with! Alexa! Fluor®! 488! (Molecular! Probes,! U.S.A.),! rhodamine! X!(RHOX)! 1:500! (Dianova,! Germany);! goat! antiZmouse,! rabbit! or! rat! conjugated!with!Alexa!Fluor®!488,!RHOX!1:500.!In!cases!of!detergentZsensitive!antigens!(i.e.!GalC,! A2B5! and! NG2),! Triton! XZ100! was! omitted! from! FGB! buffer.! Nuclear!counterstaining! was! performed! with! 4',! 6'ZdiamidinoZ2Z! phenylindole!dihydrochloride!hydrate!at!0.25!μg/μl!(DAPI;!Sigma,!Germany).!Specimens!were!mounted!on!microscope! slides!using! a!Prolong!Antifade!kit! (Molecular!Probes,!U.S.A.).! Epifluorescence! observation! and! photoZdocumentation! were! realized!using! a! Leica! microscope! (Leica! Mikroskopie! und! Systeme! GmbH,! Germany)!equipped!with!a!SpotTM!digital!camera!(Diagnostic! Instrument! Inc,!U.S.A.).!For!each! culture! condition,! 10! randomly! selected! observation! fields,! containing! in!total! 500Z1000! cells,! were! photographed! for! cell! fate! analysis.! Expression!frequency!of! selected! cell! type!markers!was!determined! for! every! condition! in!three!independent!experiments.!!




i. NPCs.express.leukotriene.receptors.! Cysteinyl! leukotrienes! signal! via! three! different! receptors,! the! CysLT1! and!CysLT2! receptors! and! the! recently! identified! GPR17! [27].! In! the! CNS,! previous!expression!analyses!have!shown!the!presence!of!all!three!receptors,!with!strong!expression! of! GPR17! and! CysLT2R! [27Z29]! and! rather! weak! expression! of!CysLT1R![30,!31].!The!latter!was!found!to!be!mainly!restricted!to!microvascular!endothelium!and!only! induced! in! gray! and!white!matter! tissue! after! traumatic!injury!or!around!brain!tumors![32].!Moreover,!GPR17!is!expressed!by!neural!and!oligodendroglial!progenitors!of!the!adult!CNS![33Z!35].!In! this! study,!we! analyzed! adult! rat! hippocampus! derived!NPCs! for! CysLT!receptor! expression! by! RTZPCR.!We! detected! strong! expression! of! GPR17! that!
!
'
Figure' 1:' Qualitative' analysis' of' leukotriene' receptor' expression' in' adult' rat'
hippocampal'NPCs'by'RTLPCR.'RTZPCR!amplification!of!rat!cDNA!sequences!for!GPR17!(A),!CysLT1R!(B)!and!CysLT2R!(C)!in!NPCs,! brain! and! spleen.! In! brain! and! spleen,! which! were! chosen! as! positive! controls,!expression!of!all!three!receptors!was!detected,!whereas!in!NPCs,!strong!expression!was!only!observed!for!GPR17!(A),!while!CysLT2R!was!expressed!weakly!(C),!and!expression!of!CysLT1R!was! absent! (B).! No! amplification! was! found! in! the! absence! of! retrotranscription! (“rtZ“!controls)! in! NPCs,! ruling! out! possible! genomic! contamination! of! the! RNA! samples.! Parallel!expression!of!the!housekeeping!gene!GAPDH!is!shown!(D).!!!
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was! comparable! to! the! overall! expression! of! this! receptor! in! brain! tissue! (Fig.!1A).! CysLT2R! expression!was! also! present! in! NPCs,! however! at! a!much! lower!level! than! in! whole! brain! lysate! (Fig.! 1C),! whereas! CysLT1R! expression! was!absent!or!under!the!level!of!detection!(Fig.!1B).!This!is!in!line!with!the!previous!expression! data! and! suggests! that! in! our! NPCs,! cysteinyl! leukotrienes! signal!mainly!through!GPR17!and!CysLT2R.!!





and.differentiation.potential.of.the.cells.! Next,! we! raised! the! question! whether! a! blockade! of! leukotriene! activity!could!modulate! adult! hippocampal! NPC! proliferation! in! vitro.! Therefore,! NPCs!were! exposed! to! various! concentrations!of!MTK,! a! competitive! inhibitor!of! the!leukotriene!receptors!CysLT1R!and!GPR17,!and!NPC!proliferation!was!analyzed.!A! oneZweek! stimulation! of! NPCs! with! MTK! resulted! in! a! dose! dependant! and!
!
'





Figure'3:'In'vitro'stimulation'of'NPCs'with'MTK.'NPC!proliferation!was!measured!by!an!MTS!assay!(A).!MTK!doseZdependently!increased!NPC!proliferation,!while!conentrations!beyond!15!μM!caused!cell!death.!Phase!contrast!images!of!neurospheres! grown! in! absence! (B,! control)! or! presence! of! MTK! (C).! Scale! bars! 100! μm.!Neurosphere!number!(D)!and!volume!(E,!F)!were!determined!for!all!conditions!using!phase!contrast!microscopy.! Neurospheres! treated!with!MTK!were!more! numerous! and! displayed!bigger!volumes!compared!to!control!condition.!Western!blot!analysis!revealed!an!increase!of!phospho! ERK1/2! signaling! after! MTK! treatment! over! time! (G,! H).! Quantification! of! the!phospho!ERK!signal!showed!a!significant!increase!in!signal!intensity!at!15!min!compared!to!0!min!MTK! treatment! (H).! Phospho! ERK! values!were! normalized! to! Actin! and! are! shown! in!percent!of!control!(0!min!MTK).!All!experiments!were!done!in!triplicates.!Data!are!shown!as!means! ±! SD! (except!western! blot! quantification,!which! is! illustrated! as!means! ±! SEM).! For!statistical! analysis,! oneZway! ANOVA! and! Tukey! postZhoc! was! performed! (*! =! p<0,05;! **! =!0,01<p<0,05;!***!=!p<!0,001).!!!
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significant! increase! in! the! amount! of!NPCs! as!measured!by! an!MTS! assay! (Fig.!3A).!At!concentrations!beyond!15!μM,!MTK!apparently!had!a!toxic!effect!on!the!progenitors! (Fig.! 3A).!MTK! treated! spheres! grew! significantly! bigger! and!were!more! numerous! compared! to! control! treated! cultures! (Fig.! 3BZF).! Moreover,!consistent! with! a! higher! proliferation! rate,! the! ERK1/2! signal! transduction!cascade!was!transiently!induced!after!MTK!stimulation!(Fig.!3G,!H).!Compared!to!0!min!MTK!stimulation,!the!phosphoErk!signal!was!significantly!elevated!after!15!min!(Fig.!3H).!Apart!from!its!effects!on!proliferation,!we!speculated!that!MTK!might!change!the! cell! identity! and! differentiation! fate! of! NPCs.! Therefore,! we!immunocharacterized!MTK!treated!NPCs!under!proliferation!and!differentiation!
!!
Figure'4:'Analysis'of'cell'identity'and'differentiation'fate'of'NPCs'after'treatment'with'
MTK.'Immunostaining! of!MTK! treated! proliferating!NPCs!with! O4! (A)! and!Nestin! (B).! Scale! bars!100!μm.! Cell! specific!marker! expression!under! proliferation! conditions! (C)! or! after! growth!factor! withdrawal! (intrinsic! differentiation! fate,! D).! In! both! cases,! no! differences! were!observed! in! the! distribution! of! cell! specific! marker! expression! between! the! MTK! and! the!control!group.!Data!are!shown!as!means!±!SD!and!for!statistical!analysis!oneZway!ANOVA!was!performed.!!
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conditions! (growth! factor! withdrawal)! using! markers! for! neural! stem! cells!(nestin),! progenitors! (A2B5,! O4,! Ng2),! neuronal! precursors! (DCX),! neurons!(Map2ab),!oligodendrocytes!(GalC)!and!astrocytes!(GFAP)!(Fig.!4A,!B).!MTK!and!control! treated! cultures! showed! a! very! similar!marker! expression! profile! (Fig.!4C,!D),!suggesting!that!MTK!neither!changed!cell!identity!nor!the!differentiation!fate!of!the!NPCs.!Finally,!we!forced!the!progenitors!to!differentiate!into!astroglial!cells!using!serum! or! BMPs! or! into! oligodendrocytes! using! mesenchymal! stem! cell!conditioned! medium! (MSCZCM)! [25]! and! analyzed! expression! patterns! using!markers! for! astrocytes! (GFAP),! oligodendrocytes! (MBP,! CNPase)! or! neurons!(Map2ab)! (Fig.! 5A,! B,! C).! While! BMPs! and! MSCZCM! exerted! their! expected!astroglial,! respectively! oligodendroglial! effects,! MTK! did! not! affect! the!differentiation!potential!of!the!NPCs!in!any!of!the!conditions!(Fig.!5D,!E,!F).!
!
!!












e. Discussion.! Here,! we! demonstrate! that! MTK,! a! CysLT1R! and! GPR17! antagonist!significantly! and! specifically! elevates! proliferation! of! NPCs! and! NSCs! in! vitro.!However,!it!neither!affected!the!cells’!fate!nor!their!differentiation!potential.!The!proliferatíve! effect! exerted! by! MTK! was! associated! with! enhanced! ERK1/2!signaling! and! rather! caused! by! an! inhibition! of! GPR17! than! of! the! CysLT1!receptor,! since! expression! of! the! latter! one! was! not! detectable.! GPR17! is!expressed!by!neurons!and!by!OPCs![34,!35,!38].!Moreover,!Maisel!and!coworkers!have!identified!GPR17!in!the!transcriptome!of!neural!stem!cells![33].!It!functions!as! a! receptor! for! uracil! nucleotides! and! for! CysLTs! and! apparently! has! a! dual!function!in!neurodegenerative!as!well!as!Zregenerative!processes.!In!the!ischemic!brain,!increased!expression!of!GPR17!in!neurons!correlates!with!augmented!cell!death! [38].! Moreover,! data! strongly! suggest! that! GPR17! signaling! is! actively!involved!in!triggering!cell!death!in!ischemic!rodent!brains,!since!treatment!with!the! CysLT1R/GPR17! antagonist! MTK! as! well! as! treatment! with! the!P2Y12,13/GPR17!antagonist!cangrelor!showed!neuroprotective!effects!in!vivo![27,!41].! Additionally! and! more! specifically,! the! in! vivo! knockdown! of! GPR17! by!antisense!oligonucleotides!markedly!prevented!an! increase! in!tissue!damage! in!ischemic!mouse!brains![27,!38].!Besides!its!role!in!neuronal!cell!death,!GPR17!is!also!involved!in!brain!remodeling!and!repair.!Activated!microglia/macrophages!induce! expression! of! GPR17! and! GPR17Zpositive! oligodendrocyte! progenitors!proliferate! in! response! to! injury! [27].! In! the! oligodendroglia! lineage,! GPR17!determines!the!correct!timing!of!myelination![34].!Furthermore,!GPR17!agonists!promote! cell! differentiation! and! neurite! outgrowth! in! PC12! cells! [42].! The!molecular! mechanisms! that! mediate! the! neuroZregenerative! effects! of! GPR17!might!involve!the!ERK1/2!signaling!pathway!and!the!generation!of!outward!K+Zchannels,!which! reduces! neuronal! hyperexcitability! and! neuronal! injury! in! the!brain! [42,! 43].! This,! together! with! the! present! data,! indicates! that! GPR17!signaling!might!have!at!least!four!different!functions!in!brain!damage!and!repair.!
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It!induces!neuronal!cell!death,!it!might!block!neural!progenitor!proliferation,!but!it! can!also!be!neuroprotective!and!might! stimulate!oligodendroglial!progenitor!proliferation.! The! differential! responses! might! derive! from! cell! type! specific!differences! and/or! context! dependency.! For! example,! even! though! the! MAPK!pathway! is! activated! in!PC12! cells!by!various!growth! factor! and! cytokines,! the!cellular!responses!can!be!very!different!and!depend!on!the!growth!factor!context![44].!The! work! presents! leukotrienes,! leukotriene! synthesis! and! leukotriene!signaling!as!targets!for!potential!therapies!modulating!neurogenesis!to!promote!structural! and! functional! regeneration! in! the! diseased! CNS.! This! might! be!attractive! particularly! during! ageing,! where! the! expression! of! 5ZLOX! and!leukotriene! levels! are! significantly! increased! in! the! neurogenic! niche! [21,! 22].!Most!likely,!the!ageZrelated!reduction!in!neurogenesis!is!caused!by!an!inhibition!or!a!deactivation!of!neural!stem!cells!rather! than!by!a!progressive! loss!of!stem!cells.!While! the!number!of!neural! stem!cells! in! the!hippocampus!during!ageing!remains! stable,! the!mitotic!activity!of! these!cells! is!progressively! reduced! [45].!Thus,! the!proliferation!of!progenitors! appears! to!be! a!main! target! to! stimulate!neurogenesis! in! the! aged! brain! with! the! aim! to! reconstitute! the! ageZrelated!functional! impairment!of! learning!and!memory.! Indeed,!mechanisms!related! to!allergy! seem! to! be! critically! involved! in! brain! ageing.! For! example,! we! have!recently!demonstrated!that!eotaxin,!a!molecule!involved!in!allergic!responses,!is!crucially!involved!in!inhibition!of!neurogenesis!during!ageing![46].!Besides! its! role! in! ageing,! the! 5ZLOX! pathway! might! be! involved! in! the!pathogenesis!of!neuropsychiatric!disorders.!Consistent!with!this!hypothesis,!the!metabolism!of!arachidonic!acid!and!the!5ZLOX!pathway!are!altered!in!depressive!patients! [47,! 48].! Likewise,! the! expression! level! of! cytosolic! 5ZLOX! is! elevated!and! 5ZLOX! is! phosphorylated! and! thus! activated! in! the! prefrontal! cortex! of!suicide!victims![49].!Conversely,!5ZLOX!inhibitors!have!antidepressive!activities.!Caffeic!acid,!an!inhibitor!of!5Z!LOX,!produces!antiZdepressant!like!effects!in!mice!and!similarly,! injections!of!MKZ886,!an!inhibitor!of!the!5ZLOX!activating!protein!FLAP,! induce! an! antidepressant! behavior! in! a! forced! swim! test! [49,! 50].! The!underlying!mechanisms! have! not! been! elucidated! so! far,! but! our! present! data!suggest! an! involvement! of! progenitor! proliferation! and! neurogenesis.! This! is!
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consistent! with! the! widely! accepted! view! that! neurogenesis! is! impaired! in!depression! [11,! 51]! and,! vice! versa,! that! deficiencies! in! neurogenesis! might!contribute!to!the!pathogenesis!of!depression![52].!Along!the!same!line,!serotonin!reuptake! inhibitors! such! as! fluoxetine! stimulate! neurogenesis! [11,! 53,! 54].!Indirect! evidence!of! a! potential! role! of! the!5ZLOX!pathway! in!neuropsychiatric!disbalances! is! provided! by! notions! from! allergy! research.! Interestingly,!asthma/allergy! patients! have! an! elevated! risk! to! commit! suicide! [55].! It! is! of!course! highly! intriguing! but! attractive! to! speculate! that! a! 5ZLOXZ! related!diminished! level! of! neurogenesis! might! contribute! to! a! suicidal! behavior.!Obviously,! this! requires! further! investigation! and! substantial! evidence.!Nevertheless,!in!summary,!the!5ZLOX!pathway!appears!to!be!an!attractive!target!for!therapy!of!neurodegenerative!and!neuropsychiatric!diseases.!!!
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